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The United Slates and the European Atomic Energy Community (Euratom) signed. on 
May 29. and June 18. 1958, an agreement which provides a basis for cooperation in programs 
fur the advaucernent of the peaceful applications of atomic energy. This agreement.· in part, 
provides for establishment of a joint U.S. -Euratom research and development program which is 
intended to support design of 1·eactors to be constructed in Europe under the joint program. The 
work .from this joint program should through the spirit of cooperation and sharing of scientific 
and technical information, contribute to the common good and minimize duplication of effort by 
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A new AEC -Euratom research and development program has been undertaken at the Nuclear 
Energy Division 9f General Electric to provide a practical demonstration of centermelt operation 
with uo2 fuel rods in a commercial power reactor core. This objective will be accomplished by 
irradiation of six fuel bundles containing 324 fuel rods in the Consumers Power Company Big 
Rock Point (BRP) reactor. Two discrete levels of melting will be evaluated. Two bundles con-
tain 0.570-inch-o.d., Zircaloy-2-clad rods, half with vipak powder and half with pellet uo2 fuel. 
and will operate with incipient centermelting. The other four bundles contain 0. 700-inch -o. d .. 
Zircaloy-2-clad rods, also half with vipak powder and half with pellet uo2 fuel. and will operate 
with definite but moderate centermelting at rated power. 
The initial phases of the program have been concerned with the detailed fuel design, fuel 
fabrication, safeguards analysis, and relicensing of the Big Rock Point reactor for the irradia-
tions. This phase is now co.mplete and an AEC -ACRS approval to proceed has been issued. The 
total program also provides for irradiation following. and detailed interim and final examinations 
on a significant number of rods, out to the target average rod burn up of 20, 000 MWd/T e. The 
irradiations are expected to commence in March 1968. with the first fuel pool examination in 
June and the first destructive rod examinations in early fall. 
A unique fuel bundle design was conceived and evaluated to achieve the requisite high per-
formance conditions in the BRP core. This report describes the detailed fuel design, bundle 
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A new AEC -Euratom research and development project* was initiated at General Electric, 
Nuclear Energy Division on September 1, 1966, to exploit over 5 years of previous experience 
with U02 fuel operation with centermelting. (
1) The objective of this follow-on program, desig-
nated the "Power Reactor High Performance U02 Program," is to irradiate a sufficient number 
of centermelt fuel rods in a power reactor core to constitute a demonstration-proof test of prac-
tical engineering significance. The specific implementation will be operation of Zircaloy-2-clad, 
uo2 rods with unequivocal melting at rated reactor power to target average burnups of 
20, 000 MWd/T e. The AEC -Euratom support provides for the detailed centermelt fuel design 
including safeguards analysis and reactor license changes necessary to its irradiation, indirect 
fuel fabrication supervision, irradiation following, and post-irradiation examination arid 
reporting. 
The centermelt fuel rods are incorporated in six fuel bundles to be irradiated in the 
Consumers Big Rock Point reactor. Two of the assemblies are designated "Intermediate 
Performance Fuel," and will operate with incipient melting in the central region of the U02 at 
rated power conditions. These two assemblies represent the next logical increment in fuel per-
formance beyond current practice, moving toward an elimination of the centermelt restrictions 
applied to present designs. The remaining four assemblies are designated "Advanced Perform-
ap.ce Fuel, " and will operate with definite but moderate central melting at rated power conditions. 
These latter bundles constitute a further step in fuel performance and reactor experience, and 
will ultimately provide the practical engineering demonstration of the relative reliability and 
safety of centermelt fuel operation. 




CENTERMELT FUEL ROD DESIGN 
2.1 GENERAL 
A total of 324 fuel rods is incorporated into the six fuel assemblies. Of this total. 188 rods 
are enriched, high power producing rods. while the remaining 136 rods contain depleted uo2 . 
Two of the assemblies, the intermediate performance fuel, are composed of 64 rods each in an 
8 :-: 8 array. One of these two assemblies contains sintered pellet fuel and the other vipak powder 
uo2, with a total of 36 high power rods in each bundle. The other four assemblies, the advanced 
performance fuel, are composed of 49 rods each in a 7 x 7 array. Two assemblies contain 
sintered pellet uo2 fuel and the other two contain vipak powder uo2; with a total of 29 high power 
rods in each bundle. Table 2-1 summarizes the fuel and bundle details. 
2. 2 INTERMEDIATE PERFORMANCE FUEL 
The rods in these assemblies are clad with 0. 570-inch-o. d. x 0. 035-inch-wall Zircaloy-2. 
A compression spring is included in the plenum region to minimize axial fuel movement during 
handling and shipping. A depleted uo2 pellet is placed at each end of the enriched fuel column 
to minimize temperature effects at the lower end plug and the plenum spring. The pellets are 
dished to provide sufficient void volume to accommodate the potential uo2 phase change volume 
expansion from melting at 122 percent overpower conditions. A nominal 12-mil pellet-cladding 
gap is used to minimize fuel-r.l::~rlrline; interaction strains. 
The U02 powder is vibratory compacted to a bulk density of 85 percent of theoretical. The 
inherent 15 percent fuel void volume is more than adequate to accommodate the phase change 
volume expansion which could occur on melting at 122 percent overpower in these rods. Dimen-
sional details for the intermediate performance fuel rods are shown in Figure 2-1. 
2. 3 ADVANCED PERFORMANCE FUEL 
All rods in the advanced performance bundles are clad with 0. 700-inch-o. d. x 0. 040-inch-
. waii Zircaloy-2 tubing. A compression spring is again included in the plenum region to minimize 
axial fuel movem~nt during handling and shipping. A depleted uo2 pellet is placed at each end 
of the enriched fuel column to minimize temperature effects on the lower end plug and the plenum 
I 
spring. The pellet fuel is fabricated with a 0.100-inch-diameter center hole, sized to accommo-
date the potential uo2 phase change volume expansion from melting at 122 percent overpower. 
A nominal 13-mil pellet-cladding gap is used in these rods. 
The uo2 powder rods are again compacted to 85% bulk density. The inherent 15 percent 
void space in the powder fuel exceeds that required to accommodate the phase change volume 
expansion on melting at overpower. The dimensional details for the advanced performance 










Number Outside Wall 
Fuel C•f Diameter Thickness Condition 
Assembly 1 Type T.D. U-235 Rc·ds . Type (inches) (inches) 
Group A 
b-50 Pellet 95 4.3 12 Zircaloy-2 0.570 0.035 Cold Worked and 
(8 >< 8 Lattice) Pellet 95 5.0 16 . (Tube Stress Relieved 
Pellet 95 5.6 8 Reduction 
Powder 85 0.22 28 Process) 
D-51 Powder 85 4.3 12 0.570 0.035 
(8 >: 8 Lattice) Powder 85 5.0 16 
Powder 85 5.6 8 
Powder 85 0.22 28 
Group B 
D-52 f Pellet 95 4.3 12 0.700 0.040 
and Pellet 95 5.0 L2 
D-5~: Pellet 95 5.6 5 
(7 x 7 Lattice) Powder 85 0.22 20 
D-54 Powder 85 4.3 !1.2 0.700 0.040 
and Powder 85 5.0 12 
D-55 Powder 85 5.6 5 





uo2 Fuel F'uel Rod 
Group A 
Cold Press Standard 






Cold Press· Stai1dard 






TABLE 2-1 (Continued) 
Design Heat Flux 
Design Normal Overpower Burn-up 2 (Btu/ h -ft2) (MWd/TU) Btu/h-ft 
20,000 450,000 550,000 
I 
20.000 450,000 550.000 
! 
20,000 450,000 550,000 
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FIGURE 2-l . DRAWING OF 0.570 OUTSIDE DIAMETER FUEL ROD 
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SECTION Ill 
CENTERMELT ~FUEL DESIGN ANALYSIS 
3. 1 DESIGN CRITERIA 
The single, most governing design factor is selection of the Big Rock Point reactor for 
these irradiations. The high power density characteristics of this core provide the flexibility 
to obtain the desired high fuel performance conditions. Further, the relatively short. 6-month 
reactor operating cycles are advantageous for frequent fuel inspections. Other general rules or 
criteria followed in the design of the assemblies are listed below. 
The basic removable rod, fuel hundle design is similar to those used earlier in BRP for 
the High Power Density Fuel Development program. (2) This capability to remove and replace 
individual rods is invaluable during the conduct of a Rand D program. Individual rods can be 
examined visually, dimensional measurements can be made and selected rods shipped to the 
Radioactive Materials Laboratory (RML) for destructive examination at various levels of exposure 
without destroying the integrity of the assembly. 
The upper fuel performance limit is dictated by the reactor license requirement to maintain 
a minimum critical heat flux ratio (MCHFR) of 1. 5 at 1. 22 percent overpower conditions. The 
MCHFR is evaluated using a new critical heat flux correlation for the beginning-of-life and end-
of-life conditions. The essential advantage in the new correlation over that previously used in the 
Big Rock reactor is to allow a higher exit quality for a given mass flow rate as indicated quali- · 
tatively in Figure 3-1. 
Fuel rod diameters were selected so that when operated at a rated power surface heat flux 
of 450, 000 ·t 50, 000 Btu/h-ft2, the intermediate performance fuel would experience incipient 
c.entral melting while the advanced performance fuel would develop definite but moderate central 
melting. 
Finally, the fuel bundle characteristics such as total power output, flow area, water-to-fuel 
ratio, and enrichment level were maintained as clos~ as possible to a regular BRP fuel bundle in 
order to minimize adverse effects on over-all core ped'nr·mance. 
3. 2 CLADDING MATERIAL SELECTION 
The cladding material selected for use in the program was Zircaloy-2. T.he material was 
fabricated by the tube reduction process and vacuum stress relieved. Stress relief time and 
temperature were determined so that the following minimum mechanical properties for the 
material were obtained. 
-7-
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FIGU~E 3-1. IMPROV!ED CRITICAL HEAT FLUX CORRELATION 
,, 
Yield Strength Ultimate Tensile Strength Elongation in 10.2 percent Offset) 2 inches 
psi Minimum psi Minimum Minimuni. percent 
Room Room Room 
Temferature 650°F Temferature 650°F Temperature 
OF) ~F) . (oF) 
60,000 32,000 70.000 41,000 16 
The exact mechanical properties of the actual centermelt fuel tubing have been determined 
and will be documented: 
3. 3 CLADDING DIMENSIONS 
The nominal tubing dimensions required to meet the program operating conditions are a 
function of the degree of melting at rated heat flux, critical collapse stresses at overpower and 
reactor overpressure (free-standing criteria), and material mechanical properties as a function 
of temperature and irradiation. The basic parameter for this fuel, the rated power peak heat 
flux, was specified as 450, 000 : 50, 000 Btu/h-ft2 , with a 1. 22 overpower allowance. The 
analysis to establish the cladding dimensions was performed by trial and error until required 
strength and degree of melting criteria for both powder and pellet fuel were satisfied. Both the 
intermediate thermal performance fuel and advanced thermal performance fuel were sized in this 
manner; the results are as follows: 
CLADDING DIMENSIONAL SPECIFICATIONS 
Cladding 
Group Description 
Inside Diameter. Wall Thickness 
(inch) (inch) 
A Intermediate thermal performance-pellet uo2 0. 500 J: 0. 002 0. 035 ±0. 0025 
Intermediate thermal performance-powder U02 0. 500 ± 0. 002 0.035 ±0.0025 
---- -. 
B Advanced thermal performance-pellet uo2 0. 620 .1:0 .. 002 0. 040 ±0. 0025 
Advanced thermal performance-powder U02 0. 620 ±0. 002 0. 040 ±0. 0025 
3.4 EXTERNAL PRESSURE COLLAPSE EVALUATION 
A tube is considered to be "free-standing" if yielding of the material will not occur at the . 
maximum, simultaneous external pressure and temperature condition. Referring to Timoshenko, (3) 





P cr = Critical collapse pressure, psi: 
E =Modulus of elasticity= 10 x 106 psi: 
v = Poisson's ratio = 0. 40; · 
h = Minimum tube wall thickness, inches: and 
R ~Tube mean radius: 
For Group A = 0. 0325 inch, and 
For Group B = 0. 0375 inch. 
For a tube with less than ideal dimensions (e. g., commercial tubing), collapse may occur at less 
than P cr due to the effects of ovality. The equation from Timoshenko for this condition accounts 
for both tube oyality and yield strength. In this case, the critical collapse pressure for yielding 
becomes 
where 
h ( Uo R) A=a- + 1+6-- P , 
Y R . R h cr 
ay =Yield strength= assumed to hP. 32,000 psi at 650°1", 
h/R =As previously stated in Equation (1), 
l' = That valut:! Llt:ler mined by Equation (1), <Jnrl cr 
h B = ay- P 
R cr 
The following collapse pressures were determined for Group A and Group B fuel: 
Yield 
per pcry Stren~h 
Group ~)2Si (psia) (psia) 
0. 570-inch o. d. 32,000 5340 2770 




The normal operating pressure in the Consumers reactor is 1350 psia. overpressure is 
1550 psia, and the pressure vessel design and cold hydrostatic test pressure is 1750 psia. Thus, 
the margin of safety against collapse for both Group A tubing and Group B tubing appears to be 
more than adequate for the range of operating conditions expected. 
3. 5 CLADDING STRESS ANALYSIS 
· The tubing used as a cladding for a nuclear fuel rod is subjected to many forces both indi-
vidually and in combination. Among these are forces due to external pressure, temperature 
gradients, internal pressure caused by fission gas release. and fuel-cladding interaction caused 
by differential thermal expansion and fission induced swelling of the fuel. In the centermelt rods 
an additional consideration is the phase change volume expansion of the uo2 upon melting. The 
analysis of these stresses is presented in detail in the following pages. The analysis is based 
upon worst case conditions foreseen for operation of the fuel in the Consumers BRP reactor. 
3. 5.1 External Pressure Stress 
The highest external pressure that could occur is the 1750-psia vessel design pressure. The 
likelihood of this condition occurring at any significant power level is extremely small, and would 
probably be associated with some sort of uncontrolled excursion. Hydrostatic tests are performed 
at pressures approaching 1750 psia; however. these tests are performed at zero power. Thus, 
fuel cladding temperatures are low and cladding strength more than sufficient to withstand high 
external pressures without collapse. The normal operating pressure for the Consumers reactor 
is 1350 psia. For design purposes. the most likely worst case condition was judged to be the 
minimum external pressure allowable by the reactor scram limit with the core at full power. 
The combination of stresses at this condition appears to produce the maximum allowable fiber 
tensile stresses in the cladding, and since external pressure creates primarily compressive 
stresses in the tube wall, a minimum pressure value is appropriate. The most extreme case of 
zero external pressure at full power, with maximum internal fission gas pressure, is not con-
sidered as a basic design limit. The likelihood of instantaneous loss of reactor pressure without 
a decrease in power is believed infinitesimal. and would normally be associated with a maximum 
credible accident. 
The equations used to calculate external pressure stresses assume that the cladding material 
behaves elastically. The level of stress for a particular level of external pressure is a function 
of how perfectly circular a tube is prior to being subjected to external pressure. Bi-axial 
external pressure stress (hoop stress) is determined from the equation: 
where 
0' e 
P cr = Critical collapse pressure. psi: 
P 
0 







~ 1.:4 (IDmax - IDmin), inches: 
h =Minimum wall thickness, inches: 
R =Tube radius, inches: and 
a8 =Bi-axial stress or hoop stress, psi. 




, P cr' h, U
0
, and Rare as above, 
v = Poisson's ratio, and 
az = Longitudinal stress. 
(4) 
Both of these stresses act in compression to resist diametral expansion of the tube by other 
forces. Table 3-1 indicates the minimum values for the compressive hoop stress, i.e., at the 
maximum radius of bending for the ovality condition. 
3. 5. 2 Thermal Stresses 
Thermal stresses are directly proportional to the temperature gradient across the cladding 





F. = Modulw; of elasticity 1 
a = Coefficient of thermal expansion, 
AT = Temperature difference between inner and outer surfaces of cladding, 
v = Poisson's ratio, 
a e = Hoop stress, and 
a z = Lungiludinal stress. 
For thin wall cylinder's AT may be written as 








0. 570-inch-o. d. 
95% Dense Pellet 
0. 570-inch-o. d. 
85% Dense Powder 
0. 700-inch-o.d. 
95% Dense Pellet 
0. 700-inch-o. d. 
85% Dense Powder 
.... 
TABLE 3-1 
STRESS ANALYSIS AND F1SSION GAS STRESS LIMITS FOR CENTERMELT FUEL 
OPERATING AT MAXIMUM OVERPOWER (550, 000) Btu/h-ft2 AND END-OF-LIFE 
Critical Collapse Compressive Hoop Thermal Gradient Allowable Equivalent 
Pressure for Stress Due to (1) Stress in Tensile Stress Due(~ Yielding at 900°F External Pressure Cl_addin1 Wall Internal Pressure 
(psi a) (psi) (psi (psi) 
2120 5750 ±4980 14,500 
2120 5750 ±4980 14,500 
2030 6320 ±5850 14,250 
2030 6320 ±5850 14,250 
(1) Equivalent to 900 psia external pressure at overpower and end-of -life. 
(2) The maximurr_ allowable tensile :;tress in the cladding wall for design purposes is set at two-thirds ultimate 
at 900° F, or 14,350 psi. This issumes no increase in mechanical strength due to irradiation, but implies 
that the cladding will have verr low ductility at end-of-life. 
(3) Summation of external pressure stress, thermal stress, and internal pressure stress 
Total Tensile 







(!) = Heat flux through cladding, 
K = Thermal conductivity coefficient, and 
h = Cladding wall thickness. 
One of the objectives of thP. progt·am is to maintain heat flux at the nominal rated level of 
450,000 Btu/h-ft2 throughout life. The design limit, however, is based upon overpower condi-
tions (550, 000 Btu/h-ft2). The thermal stress results are also indicated in Table 3-1. 
3. 5. 3 Other MiscP.llaneous stresses 
The design must consider all forces which may cause significant stress levels during the life 
of the fuel rods. However, some of these forces are quite complex and are not presently amen-
able to quantitative evaluation. Two such factors are residual stresses and local fuel-to-cladding 
interactions. 
Residual stresses have been handled by stipulation of the tube stress relief process· during 
fabrication, and should be substantially eliminated. Uniform fuel-to-cladding interaction has 
been excluded in the centermelt fuel by deliberately including sufficient cold gap to compensate 
for differential thermal expansion and fission swelling. In addition, the U02 phase change volume 
expansion upon melting has been compensated by fabricating the pellet fuel with a hollow central 
core or with dishes, while the low density powder fuel inherently has sufficient free void space 
to accommodate the expansion. Only the localized pellet interface interaction and resulting 
stresses are expected during actual operation and, hopefully, the large initial gap will minimize 
them. 
3. 5. 4 Combination of Stret;ses 
The IHusl important fuctor affecting the levP.I of tenl;;ile stress in the cladding is the release 
of fission gases. This factor, in turn, can be directly controlled by the plenum volume provided 
to accommodate the gas. Thus, the end-of -lift:! slress due to internal pressure is the dependent 
variable, and the allowable stress value can be determined by properly calculating the combined 
stress from external pressure, thermal gradients, residual stresses, and fuel cladding inter-
action. This algebraically and geometrically combined stress value is then subtracted from the 
the design strength of the material to solve for the allowable internal. pressure stress. 
Using Lhi.s procedure, the allowable stress due to internal pressure for the intermediate 
thermal performance fuel was established as 14, 500 psi, and 14, 250 psi for the advanced thermal 
performance fuel (Table 3-1). 
The design yield strength for Zircaloy-2 was applied, for the above calculatiop, with a 
rather large factor of safety. The design strength used for the cladding was two-thirds the 
ultimale slrength at ()00°F (the maxim11m concei.vabic average daddi.ng temperature under 
adverse conditions at end-of-life). Irradiation hardening was not considered to affect the 
ultimate and yield strength for design purposes. 
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3. 6 FISSION GAS ANALYSIS 
The allowable upper limit above for c:ladding stress caused by release of fission gases and 
volatile gases in the U02 was determined independently of the gas release analysis. The fission 
gas analysis problem, therefore. was one of determining the fission gas release for end-of-life 
conditions and then sizing the fission gas pfenum to accommodate this quantity without over-
stressing the cladding. The design method for calculating fission gas release assumes that the 
maximum surface heat flux at end-of-life is 550.000 Btu/h-ft 2 (overpower). 20,000 MWd/T 
average burnup has been achieved, crud and oxide deposition are a maximum. and the fuel clad-
ding interface heat transfer coefficient is a minimum. With these assumptions. the factors that 
affect fission gas release and internal pressure buildup were maximized. This procedure should 
provide an adequate margin of safety for normal operation at 450.000 Btu/h-ft2 . 
The model used to calculate the fission gas release is based upon the following· assumptions: 
a. Volatile impurities and moisture are released in the same manner as fission gas. 
b. At U02 temperatures greater than 3000°F, 100 percent fission gas and volatiles are 
released; at uo2 temperatures below 3000°F, 4 percent is released. 
c. All released gas eventually accumulates in the plenum void space. The value assumed 
for residual gas and moisture in the uo2 was 100 J.Ll/gm. 
The fission gas analysis of the worst case fuel rod was made on a two-dimensional basis. 
The rod was divided into 20 axial nodes. The peak node was assumed to operate at 
550, 000 Btu/h-ft2 at end-of-life. The remaining nodes were assumed to vary with the nominal 
shape of the axial neutron flux profile at end-of-life (Figure 3-2). The axial exposure distribution 
is based on the curve shown in Figure 3-3. The radial temperature profile was calculated using 
t.he f kdT method. The ther.mal conductivity integral to melting for pellet fuel was assumed to be 
92.5 W /em, and the pellet-to-cladding interface conductivity used was 1000 Btu/h-ft2 ;oF. The 
integral thermal conductivity used for powder fuel was 63. 5 W /em and the interface conductivity 
was 1000 Btu/h-ft2 ;oF. Tne data for each node were summed, and an average release fraction 
for the rod was established. The results of the analysis are presented in Table 3-2. 
3. 7 FUEL THERI\1AL ANALYSIS 
A thorough analysis was made to predict the temperatures of the fuel and cladding as a 
function of time in reactor. The average temperature of fuel and cladding increases during the 
irradiation from the combined effects of scale and oxide deposition on the cladding heat transfer 
surface. The program performance requirement that fuel operate near peak heat flux conditions 
throughout life serves to exaggerate this effect. The primary concern caused by the high cladding 
temperature is reduced cladding strength. Therefore, the stress limits on the cladding dictate 
that thermal conditions be predicted as accurately as possible. Deposition of scale was assumed 
to be 0. 4 mil/yr at full power operation. The corrosion rate of Zircaloy-2 was assumed to vary 
as a function of the cladding surface temperature. (4 . 5) These data were used to establish a 
surface heat transfer coefficient which varied as a function of elapsed. equivalent full power 
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FIGURE 3-2. PREDICTED AXIAL RELATIVE POWER AT END OF CYCLE 
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RESULTS OF FISS10N GAS RELEASE ANALYSIS PEAK Q/A=550,000 Btu/h-ft2, 20,000 Mwd/T AVERAGE EXPOSyRE 
lb-Moles of lb-Moles of Plenum Fuel Rod Fuel Total lb-Moles Percent Volume 
Group o.d. Type Fission Fission Gas Released* Release Required Gas Produced Gas Released (in. 3) 
A 0. ~i70 Pellet 0.000129 0.0000545 0.0000585 43 1.164 
0. 570 Powder 0.000121 0.0000674 0. 0000722 56 1. 40 
B 0. 700 . Pellet 0.000199 0.000100 0.000107 51 2.19 
0.700 Powder 0.000186 0. 000118 0.000126 64 2.54 








The fuel-to-cladding gap heat transfer coefficient was assumed to decrease with e:\:posure 
as a result of dilution of the helium internal atmosphere by fission gas. The gap coefficient 
assumed for pellet fuel decreases from 1500 Btu/h-ft 2 °F at beginning-of-life to 1000 Btu/h-ft 2 °F 
after one cycle of operation and remains constant at this value thereafter. The powder rod 
interface coefficient was assumed to be 2000 Btu/h-ft2 at beginning-~f-life and to decrease in 
steps to 1250 Btu/h -ft2 at 10, 000 MWd/T . It then further decreases to a constant value of 
2 e 
1000 Btu/h-ft for 15,000 MWd/T and beyond. 
3. 7. 1 U02 Thermal Conductivity 
The U02 thermal ~.:ouductivities used in this analysis were as follows: 
Pellet Fuel: 
K(T) = 38.24 
402.4 + T 
+ 6.1256 X 10-13 (T + 273)3. 
12800°C 12800°C This equation results in an 0 kdT = 93 W/cm, and kdT = 62 W/cm. 500°C 
Powder Fuel: 
K(T) = _4..::8..:... 3.:...:9~ 
1458.6 + T 
+ 5. 2922 X 10-13 (T + 273)3 . 
12800°C 12800°C This equation results in an kdT = ti3 W/cm and .. kdT = 49 W/cm. 0 500°C 
(7) 
(8) 
The f kdT curves for pellets and powder versus temperature are plotted in Figure 3-4. The 
pellet f kdT curves are from. Lyons, et al. (6) The powder f kdT meets the constraints suggested 
by D. H. Coplin in Reference (7 ), and a 1 so agrees with post -irradiation measurement data points 
in Reference (7), Figure 7-3. The slope of the powder integral curve is essentially identical to 
that for sintered pellet uo2 above 1500°C by virtue of the assumption::; iu the curve derivation. 
3. 7. 2 General Results 
The analysis re::;ulls for the cladding and U02 te.mperature, and for the U02 thermal 
expansion are presented graphically for each fuel type, i.e., 0. 570-inch-o. d. pellet, 
0. 570-inch-o.d. powder, etc. The cladding average temperature as a function of heat flux is 
shown in Figure::; 3-5, 3-8, 3-11, and 3-11; the fuel centerline temperature in Figures 3-6, 3-9, 
3-12, and 3-15; and the U02 melt fraction variation with heat flux is shown in Figures 3·-7, 3-10, 
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FIGURE 3-5. CLADDING VOLUMETRIC AVERAGE TEMPERATURE 
















































HEAT FLUX Btu/h-tt2 x 10-5 
FIGURE 3-6. FUEL CENTERLINE TEMPERATURE VERSUS HEAT-
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FIGURE 3-7. MELT FRACTION VERSUS HEAT FLUX- INTER-
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FIGURE 3-9. FUEL CENTERLINE TEMPERATURE VERSUS H~AT FLUX 
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FIGURE 3-10. U02 MELT FRACTION VERSUS HEAT FLUX- INTER-
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FIGURE 3-11. CLADDING VOLUMETRIC AVERAGE TEMPERATURE VERSUS HEAT 
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HEAT FLU X Btu/h·tt2 x 10·5 
FIGURE 3-13. U02 MELT FRACTION VERSUS HEAT FLUX, HIGH PERFORMANCE 
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FIGURE 3-15_ FUEL CENTERLINE TEMPERATURE VERSUS Q/A, 
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FIGURE 3-16. U02 MELT FRACTION VERSUS HEAT FLUX, 





































In reviewin~ Figures 3-7, 3-10. 3-13, and 3-16. it can be noted that the heat flux required 
for incipient melting at beginning-of-life varies from approximately 495,000 Btu;h-ft 2 (Fig-
ure 3-7) for the intermediate performance pellet fuel to 360. 000 Btu/h-ft 2 for the adv<U1ced per-
formance powder fuel. To actually achieve incipient melting in the intermediate performance 
pellet fuel, it is necessary to operate with heat fluxes as high as 500. 000 Btu/h-ft2 rather than 
450,000 Btu/h-ft2 . Therefore, with the 1. 22 overpower factor applicable in the Consumers Big 
Rock Point reactor, it is necessary to evaluate the fuel for a beginning-of-life heat flux at over-
power of 610,000 Btu/h-ft2 and an end-of-life heat flux of 575.000 Btu/h-ft 2 (470, 000 Btu/h-ft2 
rated power - Figure 3-7), whichever is the most limiting. The higher heat flux values are not 
of concern from the standpoint of direct damage to the fuel. since the design margins accommo-
date even higher heat flux values. (See subsection 3.7.5, Fuel Damage Limits). However, the 
MCHFR for the bundle cannot be maintained greater than 1. 5 for all possible axial power shapes 
encountered in BRP. During the course of the irradiations, the allowable rated power peak heat 
flux will be calculated before each cycle based on the actual axial power shape predicted for the 
specific BRP core loading. Occasionally, incipient centralmelting may not be attainable for the 
intermediate pellet fuel, but the MCHFR criteria always governs. 
3. 7. 3 Linear Heat Generation Required for Melting 
Linear Heat generation required to cause melting for three conditions are: 
8 x 8 Bundle 7 x 7 Bundle 
Pellet Powder Pellet* Powder 
Beginning of Life 21.4 kW/ft 19.1 kW/ft 24.2 kW /ft 19.4 kW/ft 
10, 000 MWd/T 20.1 kW/ft 18.5 kW/ft 22.9kW/ft 19.0 kW/ft 
20, 000 MWd/T 20.5 kW/ft 18.7 kW/ft 23.3 kW/ft 19.2 kW /ft 
*Value for a= 0, 164 where a= melt radius (center hole radius= 0 . 164 ) . 
. pellet radius pellet radius 
It is evident from the table that for the same linear specific heat generation, a larger percentage 
of fuel will be molten at intermediate burnup than at beginning-of-life or end-of-life conditions. 
This is a result of the combined effect of zirconium oxide and crud buildup on the cladding, offset 
by plutonium buildup in the outer portion of the fuel. In the earlier stages of life, the oxide and 
crud buildup drives the fuel centerline temperature up, while in later stages of life plutonium 
r.ontri.buti.on to power generation tends to drive the centerline temperature down. 
3. 7. 4 Detailed Temperature Predictions 
a. Intermediate Thermal Performance Fuel 
Based on the assumptions previously outlined, the predicted cladding temperatures will 
increase with exposure at the rate shown in Figure 3-17. The increased slope of the curve 
towards the end-of-life is caused by the inherent exponential effect of higher cladding tem-
peratures on the Zircaloy-2 corrosion rate and oxide thickness increase. 
The radial temperature profile across the fuel at the peak heat flux region of the rod is 
shown in Figure 3-18 for pellet fuel and Figure 3-19 for powder fuel. A general increase 
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FIGURE 3-17. ClADDING TEMPEJRATURE VERSUS EXPOSURE AS A FUNCTION 
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FIGURE 3-18. PELLET FUEL TEMPERATURE VERSUS ROD PEAK EXPOSURE AS A 
FUNCTION OF HEAT FLUX, OXIDE BUILD-UP AND CRUD BUILD-UP 





('. ,1 ~ i.: i 
1 I I 2 Btu. h-ft -3 1--
ROD OUTSIDE DIAMETER= 0.570 in. 
FUEL 
FUEL DIAMETER= 0.500 in. 
600,000 




















/Tmelt -:---.. .. CENTER LINE 
TEMPERATURE 
5 ~ - ,_ - ..... - - -- -=-
400,000---..... 
4f-- 300,000 ----
0 5 10 15 20 25 
ROO PEAK EXPOSURE (MWd/T x 10-
3
) 
FIGURE 3-19. POWDER FUEL TEMPERATURE VERSUS ROD PEAK EXPOSURE AS A FUNCTION 
OF HEAT FLUX, OXIDE BUILD-UP AND CRUD BUILD-UP (0.4 mil/yr) 
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producing this effect have already been noted in the precedin~ section in connection with the 
linear heat rating to initiate melting. 
As previously noted, incipient melting is expected in the rods at nominal rated power with 
relatively greater melting in the powder fuel. This prediction is shown in Figure 3-20 and 
Figure 3-21 for pellet and powder fuel. respectively. 
Fuel-to-cladding interaction is the primary potential source of cladding strain. At beginning-
of -life and normal rated power, at least 2 mils of diametral clearance will be present in the 
rods. As burnup proceeds, this clearance will decrease to about 1 mil at 15,000 MWd/TU. 
This trend, as a function of heat flux is depleted in Figure 3-22. 
b. Advanced Thermal Performance Fuel 
The 0. 700-inch-o.d. fuel rods were sized to operate with a moderate but unequivocal cen-
tral melting at normal rated power of 450.000 Btu/h-ft2 . The same basic ~ssumptions 
used in the 0. 570-inch-o.d. fuel were used for the heat transfer analysis of the 
0. 700-inch-o. d. fuel. 
Average cladding temperatures are slightly higher than in the 0. 570-inch-o. d. fuel because 
of the increased wall thickness. The trend of cladding temperature versus exposure is 
depicted in Figure 3-23. 
The radial temperature profile in the pellet uo2 fuel is shown in Figure 3-24. The tern-
perature profile of the powder fuel is shown in Figure 3-25. The central temperature and 
the volumetric average temperature for powder fuel are higher for a given surface heat 
flux, reflecting its lower conductivity. 
The extent of melting for the pellet and powder fuel is shown in Figure 3-26 and Figure 3-27, 
respectively. 
The hot gap size and fuel-to-cladding interaction as a function of exposure for various 
levels of heat flux are shown in Figure 3-28. A slight amount of fuel-cladding interaction 
is possible at the 15,000 MWd/Te expo::mre level. 
Actually, the fuel-cladding interaction for powder fuel is not well understood and may not 
equal that predicted by the analysis. Developmental powder fuel rods operating in the 
Consumers reactor do not show any interaction based on dimensional measurements taken 
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FIGURE 3-20. a- MELT VERSUS ROD PEAK EXPOSURE FOR PELLET FUEL AS A 
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FIGURE 3-21. a- MELT VERSUS ROD PEAK EXPOSURE FOR POWDER FUEL AS A FUNCTION 
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FIGURE 3-23. ·CLADDING TEMPERATURE VERSUS EXPOSURE AS A FUNCTION OF HEAT 
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FIGURE 3-24. PELLET FUEL TEMPERATURE VERSUS ROD PEAK EXPOSURE AS FUNCTION 





















FUEL DIAMERET•0.620 in. 
- T ·.s;: 
5 10 15 
ROD PEAK EXPOSURE (MWd/T x 10-~ 
Btu/h-ft2 
500,000 600,000 













FIGURE 3-25. POWDER FUEL TEMPERATURE VERSUS ROD PEAK EXPOSURE AS A FUNCTION 
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FIGURE 3-26. a- MELT VERSUS EXPOSURE FOR PELLET FUEL AS A FUNCTION 
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FIGURE 3-27. a- MELT VERSUS EXPOSURE FOR POWDER FUEL AS A FUNCTION 
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3. 7. 5 Fuel Damage Limits 
One criteria used to evaluate the relative safety of a fuel design with respect to the desired 
operating conditions is the so-called Fuel Damage Limit. This limit is usually defined as the 
peak linear heat rating at which fuel interaction with the cladding generates appreciable cladding 
strain. These limit values have been calculated for each fuel type as follows. 
a. Pellet Fuel 
1. Intermediate Performance Pellet Fuel 
The calculated fuel damage limit is reached at a linear power of 32. 5 kW /ft for low 
exposure and 29. 6 kW /ft at an accumulated exposure of 10, 000 MWd/T. The damage limit 
assumed is a total cladding strain of 1. 5 percent caused by mechanical interaction between 
the fuel and the cladding. For comparison the linear power at 1. 22 overpower condition 
is 24. 1 kW /ft. 
The void space for accommodating the uo2 phase change volume expansion on melting in the 
intermediate performance pellet fuel is provided by a dish in one end of each pellet. The 
di.sh is shaped like a truncated cone, and is dimensioned to account for 5 percent of the 
pellet volume. Assuming the U02 pellets are 96 percent dense and 2 percent of the void 
volume is available to accommodate solid fission product swelling, then an additional 
2 percent void volume is available to accommodate the molten uo2 . If one assumes the 
uo2 volume expansion on meiting is 9. 6 percent, this results in 7. 6 percent which must 
be accommodated in the pellet dish. The maximum permissible volume percentage molten 
. is defined as that necessary to just fill the void space provided by the dish. No credit is 
taken for axial expansion of the molten fuel from pellet to pellet. Therefore, the maximum 
allowable vulumelrlc mell fradiuu iu lhe 11eak !)ellet is 0. 71. Expected maximum melt 
fractions at rated and 1. 22 overpower condition are zero and 0. 22. 
2. Advanced Performance Pellet Fuel 
With the same damage limit criterion as above, the calculated fuel damage limit is 
reached at 67. 1 kW /ft for low exposure and 51: 8 kW /ft at an accumulated exposure of 
10, 000 MWd/T. The linear power at 1. 22 overpower condition is 29. 5 kW /ft. 
The void space for accommodating the uo2 phase change volume expansion on melting in 
the advanced performance pellet fuel is provided by a 0.100-inch-diameter hole through the 
center of each pellet. This central hole accounts for 2. 8 percent of the pellet volume. 
Using the same assumptions as in the intermediate performance fuel results in an allowable 
volume fraction molten of 0. 397. Since the 0.100-inch-diameter hole is continuous over the 
length of the rod, axial expansion of the molten fuel also can take place. Therefore, the 
39.7 percent molten volume is the average permissible over the entire rod. The maximum 
permissible molten fraction at the peak cross section in the rod is 1. 4 times the average 
or 0. 556. Expected maximum melt fraction at rated and 1. 22 oveJ;"power condition are 
0. 15 and 0. 35. The Fuel Damage limits for the intermediate and advanced fuel are sum-
marized in Table 3-3. 
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TABLE 3-3 
FUEL DAMAGE LIMITS-PELLET FUEL 
Linear Power Generation 
Rated Power Overpower Damage Limit 
(kW/ft) (kW/ft) (kW/ft) 
Intermediate Performance Fuel 
1. Beginning-of-Life 19.7 24.1 32.5 
2. 10,000 MWd/T 19.7 24.1 29.6 
Advanced Performance Fuel 
1. Beginning-of- Life 24.2 29.5 67.1 
2. 10, 000 MWd/T 24.2 29.5 51.8 
b. Powder Fuel 
The fuel damage limits for .the powder fuels are assumed to be the same as those calculated 
above for the pellet fuels. 
The fuel rods loaded with vibratory-compacted powder have an inherent,15 to 17 percent void 
volume. The particles are essentially 100 percent dense; therefore, there is no internal 
porosity available for fission product swelling. However, assuming there is 2 percent void 
volume required for swelling, there is still 13 t_o 15 percent void space available for melting. 
Theoretically, this is sufficient void space for 100 percent melting. The maximum melting 
permissible in this project is defined as 80 percent in both the intermediate performance 
and the advanced performance fuel. The basis for this limit can be found in work performed 
in the AEC -Euratom sponsored "U02 High Performance Program" (PA 17), wherein fuel 
rods of like design were successfully irradiated, with 80 percent of the cross-sectional 
area molten, to an average burnup of 20,000 MWd/TU. (8) There was no unaccommodated 
molten volume expansion in these rods as evidenced by the absence of detectable cladding 
expansion. 
Expected maximum fractional cross-sectional areas melted at rated and 1. 22 overpower 
conditions for the intermediate performance powder fuel are 0. 07 and 0. 27. Corresponding 
fractionq.l areas melted for the advanced performance powder fuel are 0. 25 and 0. 41. 




PREDICTED MELTING AT OVERPOWER (550, 000 Btu/h-ft
2
) 
END-OF-LIFE (20, 000 MWd/T) 
Percent ' 
Molten Area Molten Volume Molten Length 
(Peak Cross Section) (Percent in Rod) (inches) 
7 x 7 Pellet Fuel 36 12.7 38.5 
7 x 7 Powder Fuel 41 15.2 49 
8 x 8 Pellet Fuel 20 4 21 




FUEL BUNDLE DESIGN 
4.1 GENERAL 
In most BWR fuel bundle designs the removal from the core of a single failed fuel rod 
necessitates the removal of the entire fuel bundle. In a research and development program such 
as planned here; the advantages of being able to remove single rods from the bundle and replace 
them with other rods are innumerable. For this reason the bundle design concept used earlier 
in the High Power Density Fuel Development Program was also selected for this program. 
Both the 0. 700-inch-diameter advanced thermal performance fuel and the 0. 570-inch-
diameter intermediate thermal performance fuel use this concept. The 0. 700-inch-diameter 
rods are arranged in a full 7 >< 7 array. The 7 >< 7 fuel assembly is shown in detail in Figure 
4-1. The 0. 570-inch-diameter rods are arranged in a full 8 '< 8 array. The 8 >< 8 assembly is 
shown in detail in Figure 4-2. Key components of the support structure or cage are as follows: 
a.· HandlE:! - Complt:!lely removable lo allow rod renwval. 
b. 
c. 
Pin - Captures the handle to the support st rU:cture. 
Spacer - Double layer wire, constant pressure spring type. Provides maximum 
protection against fretting wear of the Zircaloy-2 cladding. 
d. Angle - Acts as the main axial support member of bundle. Provides a means to 
position spacers axially. Also minimizes the possibility of damage to rods 
and spacers during insertion and removal from in -core channel locations. 
e. Base - A grid bar arrangement welded to the lower end of each corner angle. The 
fuel rods rest on the grid. 
All parts of the cage assembly are 300 series stainless steel and the structure is fully 
capable of supporting the rods when resting on the base and when hung from the handle. On the 
other hand, when resting on a side with a full load of rods, very tight support must be provided 
for individual rods to prevent damage to the spacers. For this reason, it was decided to ship the 
rods and cages separately and assemble them at the reactor site. 
The fuel bundles in the fully-loaded condition have the following approximate weights 





0. 700-inch-o. d. Pellet U02 Rods: 
0.700-inch-o.d. Powder U02 Rods: 
0. 570-inch-o.d. Pellet U02 Rods: 









FIGURE 4 -1. DRAWING OF B X B FUEL ASSEMBLY 
FIGURE 4 2 - · DRAWING OF 7 x 7 FUEL ASSEMBLy 
67 - 0 1546 
.. 
The over -all assembly drawing for the 7 x 7 bundle is shown in Figure 4-3. The com-
parable drawing for the 8 x,8 bundle is shown in Figure 4-4. The criteria dictating the various 
rod arrangements are discussed under the physics, critical heat flux, and thermal hydraulic 
design analyses. 
Other considerations factored into the bundle design include: 
a. Minimum allowable rod-to-channel clearances. 
b. Water-to-fuel ratio. 
c. Handling of fuel bundles and rods with existing pool equipment at the Consumers Big 
Rock Point reactor. 
d. Standardization of parts used in both types of bundles; e.g., the corner angle used is 
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These fuel rods were fabricated following conventional procedures for the sintered U02 
pellet preparation, dynapak uo2 powder preparation and compaction, and the "rocked" 
Zircaloy-2 processing. These detailed procedures and the exact fuel rod assembly sequence will 
be documented at a later date. Quality control procedures were stringent and 100 percent applied 
to all rods, following thP. usual practice at G. E.-NED for research and development fuel. Excep-
tional or nonroutine steps taken during fabrication are described in the following paragraphs. 
5. 2 SPECIAL PROVISIONS 
Two straight pieces of tantalum wire, 0. 094 inch in diameter and approximately 4 inches 
long, were placed into the gas plenum of all the rods. These wires act as neutron absorbers over 
a region normally occupied by uo2 fuel in the regular fuel rods in the other assemblies, and 
prevent flux peaking. 
The tubing was prepared with either both inside and outside surfaces autoclaved or only the 
outside surface autoclaved. These two inside surface conditions will help in the evaluation of the 
relative protective nature of the autoclave oxide film. Of the 188 power-producing rods in the 
six assemblies, 76 rods have tubing without the auloclaved inside surfaces. 
Each fuel rod was measured for over-all length and diameler (al 0- aml 90-Ll~gn:~t: 
orientations) at 12-inch intervals. Outside diameter profiles were also taken on 72 power-
producing rods. The profilometer measurements included both the nonrotational type at 0- and 
90-degrP.P. orientations, and the spiral trace, X rays were taken of the bottom end and upper 
plenum regions of each rod to verify that the parts were properly assembled. 
5. 3 R.OD TDEN'l'TFTCATION 
The fuel rods are identified by serial numbers metal-stamped on the bottom end plug. To 
facilitate separation of the rods by enrichment and to facilitate the loading of the proper fuel rods 
. . 
into the correct locations, the rods are further identified by metal-stamping the end faces of the 
top plugs with 1/4-inch-high letters referring to the four fuel enrichments as follows: ~ = 4. 3 per-
cent, ~ = 5. 0 percent, ~ = 5. 6 percent, and Q = 0. 22 percent. As a final verification that the 
rods are properly assembled, a Polaroid photo of the top of the assembly will be taken and the 






For this analysis, it was assumed that the centermelt assemblies are loaded in a configu-
ration where the remainder of the reactor core consists of Type B and C reload fuel (Zircaloy-2 
cladding in an 11 x 11 array). Evaluation of the minimum critical heat flux ratio was made using 
the new critical heat flux correlation for beginning:..of-life and end-of-life conditions. Over-all 
results of the analysis are shown in Table 6-1. 
TABLE 6-1 
THERMAL HYDRAULIC DATA 
I. Assumed Reactor Conditions 
Reactor Power (Rated) MW 
Total Core Coolant Flow, lb/h 
Reactor Inlet Enthalpy, Btu/lb 
Reactor Pressure, psia· 
Number Fuel Assemblies 
II. Fuel Bundle Description 
Fuel Rod Diameter, inches 
Number of Rods per Assembly 
Water to Fuel Ratio 
Active Fuel Length, inches 
Pellet Fuel 
Powder Fuel 
Heat Transfer Area per Assembly. 
Pellel Fuel 
Powder Fuel 






















III. Power Distribution required to produce a heat flux of 450,000 Btu/h-ft2 at rated 
reactor power 
Axial (l) 
Water Power Fraction(2) 











(1) Peaked toward top of core at beginning of cycle, peaked toward .bottom of core at end of 
cycle. 
(2) Po1iion of reactor power that does not go through cladding in the form of heat flux (gamma 
heating. etc.). 
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TABLE 6-1 (Continued) 
IV. Conditions to give a MCHFR of 1. 5 at 1. 22 percent overpower 











(3) Peaked 80 perc.ent of distance from bottom of core. 




















(4) Peak heat flux does not occur in the quality sensitive region of the CHF correlation. 
(5) Peaked 25 percent of distance from bottom of core. 
Because of the high heat fluxes and associated bundle powers, the ability to achieve a 
satisfactory MCHFR must be carefully evaluated. The product of the axial, radial, and local 
peaking factors* is fixed by the specified-peak heat flux. The axial peaking factor is fixed by the 
particular power shape chosen to represent the beg;i.nning and end of cycle conditions. Thus, 
only the bundle of radial and local peaking factors are free to be varied, yet the1r product must 
also be held constant. 
,I 
It may be desirable to review the eJfect the various peaking factors have on the MCHFR: 
C· 
a. Axial Peaking Factor - Loca~,ion of the axial peak can have a strong effect on the 
MCHFR, because of the axiai variation of quality within the channel. The critical 
h€'Rt flnx (r.HF) is .quality dependent, with the CHF decreasing with increasing quality 
(for quality values above about 10 percent at the mass flow rate involved here). For 
beginning-of-life (or cycle) conditions, the axial shape tends to be skewed toward the 
top of the core, placing the peak heat flux in a relatively high quality region and 
reducing the CHF. For end-of-cycle conditions, the axial shape is skewed toward 
·the bottom of the core where the peak heat flux is in a nonquality-sensitive region of 
the CHF correlation, giving higher MCHFR's. 
·Other factors being equal, the MCHFR will be lower with the axial power shape peaked 
toward the top of the core. 
*Axial = Peak axial power (heat flux)-to-average power for a given bundle. 
Radial = BWldle power-to-average bundle power. 
Local = Peak rod power-to-average rod power in bundle. 
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b. Radial Power Factor - Has a direct effer.t on both steam· quality and heat flux. thus 
has a strong effect on MCHFR. 
c. Local Peaking Factor - Only a heat flux multiplier. 
The MCHFR analysis was only specifically performed for the pellet assemblies since for 
a fixed peak heat flux and designated core radial power position, holding local and axial peaking 
f~ctors constant, the powder assemblies will always have a lower bundle power output because 
of their lower density, shorter active fuel length, and smaller heat transfer area. Thus, the 
actual radial power factor will be smaller and the MCHFR higher than the comparable pellet 
bundle. 
The power distributions required to give a MCHFR of at least 1. 5 for the overpower condi-
tion are given in Table 6-1. For the end-of-cycle condition, the peak heat flux does not occur in 
the quality sensitive region of the CHF correlation. Over the range of local peaking factor 
evaluated, from 1. 2 to 1. 5, the MCHFR was not affected. Therefore, the local peaking factor 




CRITICAL HEAT FLUX ANALYSIS AND TESTS 
7.1 GENERAL 
The preceding thermal-hydraulic analysis was developed based on bulk average channel 
properties, the hot rod heat flux, and the CHF limit curve shown in Figure 7-1. This procedure 
has been shown to be conservative for normal fuel bundle designs; however, these centermelt 
bundles are unique because of the inclusion of depleted. nonpower-producing rods within the 
bundle. 
As can be noted from Figures 7-2 and 7-3, the heat flux from adjacent rods may differ by 
a factor of 17, This condition is atypical of the usual bundle situation and, thus, no specific 
experimental data are available· to verify the CHF characteristics of such a design. For this 
reason, an analytical and experimental investigation was conducted to determine the validity of 
calculating the CHFR for the centermelt bundle~ by established procedures. 
7. 2 EVALUATION BASIS 
Both the 8 x 8 intermediate and 7 x 7 advanced performance assembly designs have four 
enrichments: 4. 3, 5. 0, 5. 6, and 0. 22 (depleted) weight percent U-235. The enriched rods are 
arranged in the assembly in such a manner to maximize the number of rods operating at or very 
close to the desired peak heat fluxes. The number of depleted U02 rods was chosen iteratively, 
taking as a limit the allowable MCHFR, with the low power production of the depleted uo2 rods 
being used to offset and effectively increase the allowable power of the remaining enriched fuel 
rods at the same over-all bundle power output.. The initial rod arrangements and associated 
local peaking factors, for both the 7 x 7 and 8 x 8 assemblies, are shown in Figures 7-2 and 7-3. 
The local peaki.ng factors indicated are for a new bundle with the average rod power normalized 
to 1. 0 in each case. 
To compare the MCHFR based on local conditions with that predicted using bulk conditions 
and the design limit curve, an analytical model which predicts local flows and qualities in a 
heated channel was applied to the 8 x 8 and 7 x 7 centermelt bundles as designed and to the same 
bundles with slight changes in the local peaking values, The changes in the peaking values were 
brought about in one case by interchanging the corner rods (4. 3 percent enriched uo2) with the 
adjacent rod on the diagonal (0. 22 percent enriched uo2). This interchange is shown by the 
arrows shown in Figures 7-2 and 7-3. The changt:>s in the peaking values were i;>rought about 
in a second case by replacing the corner rods (4. 3 percent enriched) in each bundle with a rod 
containing uo2 enriched to 2. 3 percent. In addition, to verify the predictions of the hydraulic 
model, four critical heat flux data points were obtained in a 3 x 3 test section with 0. 700-inch-
diameter, electrically-heated tubes, adjusted to yield local peaking values of the same order as 




























8 HEAT FLUX DISTRIBUTION 
8 
AVERAGE= 1.00 
0 CONDITIONS AT CHF 
--- PREDICTION OF CHF 
USING HYDRAULIC MODEL 
HENCH-LEVY DESIGN 
LIMIT CURVE 
G = 750,000 lb/h-112 
(IL-----L----J----~---~---~~---~----J----~----~ 
0 5 lO 15 20 25 30 35 40 
AVERAGE EXIT STEAM QUALITY (PERCENT) 
67-01542 
FIGUR:: 7-1. CRITICAL HEAT FLUX DATA POINTS AND LIMIT CURVES 
[i A 8 8 8 A D 
1.61, 1.50 1.67 1.66 1.67 1.50 ,(1.61 






1.50 0.10 0.10 0.10 0.10 0.10 
D c D c D 
1.67 0.10 us 0.10 1.15 0.10 
D D c D D 
1.66 0.10 0.09 1.67 0.09 0.10 
D . c 0 c D 
1.67 0.10 1.75 0.10 1.75 0.10 
D D D D D 
1.50 "0.10 0.10 0.10 0.10 0.10 
/A 8 8 8 A 
1.61· 1.50 1.67 1.66 1.67 
TYPE A U-235 ENRICHMENT= 0.043 
TYPE 8 U-235 ENRICHMENT= 0.050 














TYPE D U-235 ENRICHMENT= 0.0022 {depleted) 
CASE 1: 
PEAKING FACTORS AND f<OD PLACEMENT AS 
SHOWN. 
CASE 2: 
ROD INTERCHANGE AS SHOWN. PEAKING FACTOR 
SHOWN IN FIGURE 3-8b 
.CASE 3: 
EACH CORNER ROD REPLACED WITH 2.3% ENRICHED 
U02. PEAKING FACTORS SHOWN IN FIGURE 3-8c 
67-01540 
riGURE 7-2. I~IDIVIDUAL FUEL ROD RF:I ATIVE 
POWERS IN THE 7 x 7 CENTERMEL T 
BUNDLE. BEGINNING OF LIFE. 


















A B 6 B B 
1.57 1.74 1.71 1.71 1.73 
D D D D D 
0.12 0.11 0.11 0.11 0.11 
D D c D c 
0.12 0.11 1.80 0.11 1.83 
D c u c D 
0.11 1.80 0.10 1.72 0.11 
D D c D c 
0.11 0.11 1.72 O.lU 1.80 
D c D c D 
0.11 1.83 0.11 1.80 0.11 
D D D D D 
0.11 0.11 0.11 0.11 0.11 
A .8 8 8 8 
1.55 1.73 1.71 1.71 1.74 
TYPE A U-235 ENRICHMENT= 0.043 
TYPE B U-235 ENRICHMENT= 0.050 



























PEAKING FACTORS AND ROD PLACEMENT AS SHOWN 
CASE 2: 
ROD INTERCHANGE AS SHOWN. PEAKING FACTORS 
SHOWN IN FIGURE 3-9b 
CASE 3: 
EACH CORNER ROD REPLACED WITH 2.3% ENRICHED 










FIGURE 7-3._ INDIVIDUAL FUEL ROD RELATIVE 
POWERS IN THE 8 x 8 CENTER MELT 
BUNDLE. BEGINNING OF LIFE. 
AVERAGE ROD POWER= 1.0. 
.. 
7. 3 CRITICAL HEAT FLUX TESTS 
The test section for experimentally determining the CHF was made up of nine electrically-
heated lubes of·O. 700-inch o. d. in a 3 ·.;: 3 square array. The rod number system and the test 
section dimensions are shown in Figure 7-4. It should be noted that this test array represents 
the nine rods in the corner of the 7 x 7 assembly, as shown in Figure 4-2. except for the exact 
corner position. The corner rod in the real assembly is set back 0. 047 inch to allow increased 
coolant flow in the corner. Because of this difference in the corner. the test section will be 
r:onservative, i.e., willyieldlowerMCHFRvalues. 
2.m±O.Ol0 
0.500 RADIUS 
000 . ::1 
000 
0.160 ± 0.010 




FIGURE 7-4. TEST SECTION DIMENSIONS AND NUMBERING SYSTEM (3x3) 
The heat flux for a particular rod was uniform axially but varied from rod to rod. Varia-
tions in rod heat flux werP. oht.ained by adjusting the heated lengths of the rods and by adding 
resistam:e in sel'les with the colder rods to force higher current flow into the hot rods. The 
heated lengths are given in Table 7-1 with the local peaking values. Also, the ratio of the heat 
flux of each rod to the heat flux of the coldest rod is shown for comparative purposes. 
The test section was instrumented at the exit end only, since the axial heat flux was 














TEST SECTION DESCRIPTION (3 X 3) 
(P/ A) local 
Heated Length 
(inches) 
1. 45 39.5 
0.080 72.0 
1. 38 39. 5 
1. 41 47.2 
0.081 72.0 
0.081 72.0 
1. 57 44.4 
1. 38 47.2 
1. 56 44.4 










All runs were made at 1000 psia and a mass velocity of 750, 000 lb/h-ft2 . When the tern-
perature recorded by one of the thermocouples rose rapidly to 800 °F, the CHF condition was 
assumed to exist at that thermocouple. 
The conditions at which the CHF was encountered are shown in Table 7-2, and the data 
points are shown plotted in Figure 7-1 along with the local peaking and the location of the CHF 







RESULTS Ul•' 3 X 3 CHF TESTS AT 1000 IJ~ia 
G (M lb/h-ft2 ) X exit Lilis (Btu/lb) 
0.769 0. 129 22.0 
0.7::i9 0. 118 35,0 
0.734 0. 101 51. 0 
0.746 0. 102 o:.t.u 





7.4 MULTICHANNEL HYDRAULIC MODEL ANALYSIS OF 3 x 3 BUNDLE RESULTS 
The test section was represented in the Multichannel Hydraulic Model (MHM) by dividing 
it into subchannels, as shown in Figure 7-5. Because the assembly was nearly symmetric, only 
half was modeled. The dimensions in Figure 7-4 were used to determine the flow area, heated 
perim.eter, and friction perimeter for each subchannel and the interface perim~tei' between the 
connecting subchannels. The effect of the differing heated lengths was included by the model. 
Three cases were run with the hot rod heat flux equal to 0. 600, 0. 700, and 
0. 800 :x: 106 Btu/h-ft 2 . The CHFR was calculated along each subchannel using an annular CHF 






FIGURE 7-5. MULTICHANNEL HYDRAULIC MODEL SUBCHANNELS (3x3) 
along the channel wall and a CHF correlation hased on a best fit to APED four- and nine-rod 
bundle data for the interior subchannels. The inlet subcooling was adjusted so that the local 
MCHFR was equal to 1. 00 at the end of the heated length of suhchannel 1. The remaining sub-
channels all had a MCHFR greater than 1. 0. The CHF prediction line is shown in Figure 7-1, 
and was obtained by plotting the hot rod heat flux versus the bulk quality at the test section exit. 
From Figure 7-1, it can be seen that the experimental C HF results for this particular test 
arrangement fall below the design limit curve. This situation can be better understood by more 
detailed examination of the MHM predictions. By dividing the test section into subchannels as 
shown in Figure 7-5, the model yielded the conditions at the exit given in Table 7-3 and depicted 
in Figure 7-6. From this, it can be seen that the flow migrates to the cold rods and to the ::>ide 
of the channel away from the hot rods 7, 8, and !L This results in a quality in a subchannel 1, 
by rod 7, which is much higher than the average exit quality. This, in turn, results in a lower 
CHF in the corner. With uniform heat flux, a typical run on a similar 3 x 3 geometry yielded 
19 percent quality in the corner with an average exit quality of 15 percent. 
From Figure 7-1, it can be seen that the model was very effective in predicting the test 
results. These predictions by the model were also compared to CHF mea::>urernents made in 
other four- and nine-rod lest sections. In these earlier comparisons, the corner rod peaking 
was not as extreme as tested here. Predictions by the model in these earlier cases fell slightly 
below the test results. 
Thus, the results verify that the MHM can be used to predict whether the local peaking in 
the cei1termelt bundles .will affect the validity of using the design limit curve and bulk average 




EXIT CONDITIONS FOR MHM APPLICATION TO 3 x 3 TEST SECTION WITH 9 H = 700,000 
Subchannel X (fa) 
1 
1 26.22 
2 Hl. 71 
3 13.61 







Total Channel 10.51 












0 ave (M Btu/h-ft2) CHFR 
0.700 1. 003 
0.657 1. 159 
0,490 1. 338 
G.654 1. 301 
0.34~ 1. 531 
0. 181 1. 922 
0.693 1. 250 
0.364 1. 495 
0.326 1. 810 
0.615 1. 734 
0.446 1. 272 
EI] G >0.900 Mlb/h-tt2 
~ 0.800< G<0.900 
~ 0.750<C<0.800 
ti;~1~~\ml 0.700 < G< 0.750 
~g 0.650< G< 0.700 
n~:\:m:i\1!!\ll 0.550 < G< 0.650 
G<0.550 
67-01546 
FIGURE 7-6. FLOW DISTRIBUTION IN TEST SECTION WITH d> 7 = lDD,OOO Btu/h-ft2 
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7 o 5 MULTICHANNEL HYDRAULIC MODEL APPLICATION TO CENTERMELT BUNDLES 
The MHM was then applied to the centermelt bW1dles at rated flow and 22 percent over-
power to compare the MCHFR using local and bulk properties 0 The dimensions of the 7 x 7 and 
8 :-: 8 bW1dles for'all cases and the local peaking values for the first case for each are those 
shown in Figures 7-2 and 7-3 0 Because the 7 x 7 bundle is one-eighth symmetric, it was divided 
into subchannels as shown in Figure 7-7. The 8 x 8 bundle is one-fourth symmetric, but one-
eighth symmetry was assumed, and two runs were made for each case, as shown in Figure 7-8. 
The axial power distribution,. shown in Figure 7-9, was used for all cases. The axial peak-
ing factor was 1. 4. The CHFR calculations were based on local subchannel condit.ions aud lhe 
annular correlation for the corner and wall subchannels and the multirod correlation for the 
interior subchannels. 
Three cases were run for each bundle array at 1350 psia with the.flows given in Table 7-4. 
The first case was the original rod arrangement shown in Figure 7-2 and 7-3. The second set of 
local peaking values was obtained by swapping each of the corner rods with the rod adjacent to it 
on the diagonal. The third set was obtained by reducing the enrichment in the corner from 4. 3 to 
2.3 percent. These local peaking values are also given in Figures 7-8 and 7-9. In addition, the 
location of MCHFR based on local conditions is shown for each case. 
Bundle 
7x.7 
G = 790,000 
8 X 8 
G = 740,000 
TABLE 7-4 
RESULTS OF MHM APPLICATION TO 
CENTERMELT BUNDLES AT 1. 22 OVERPOWER 
Case Description Local MCHFR 
I Original dQsign 1. 537 
II Corner rod exchange 1.539 
III Corner rod enrichment 
reduced lo 2. 3 percent 1. 637 
Original rod exchange 1. 52 
II Corner rod exchange 1. :JG 
III Cur11~1· l'od enrichment 1. 60 







1 0 59 
The results of the MHM analysis summarized in Table 7-4 show a MCHFR greater than 
1. 5 for all cases using either the local conditions or bulk conditions at 22 percent overpower. 
Although all cases provide a MCHFR greater than 1 0 5, it was decided to change the rod pattern 
to case II for extra margin. The rod pattern and peaking factor calculated for this arrangement 
are shown in Figures 7-10 and 7-11. 
.This revision moves the lowest CHFR lor:at.ion away from the corner to the third rod from 
the corner along the r.hannel wall (see Figures 7-7b and 7-8b). This is desirable because of the 
ang;le present at each corner of the bundles which reduces the flow area in the corner section. 
Thus. the best over-all local peaking arrangement from a CHF standpoint is obtained with the 





FIGURE 7-7a. CASE I (7x7) LOCAL PEAKING (ORIGINAL DESIGI>I) 







FIGURE 7-7b. CASE' II (7x7) LOCAL PEAKING (CORNER ROD EXCHANGED WITH 







FIGURE 7-7c. CASE Ill (7x7) LOCAL PEAKING (CORNER ROD ENRICHMENT 





















FIGURE 7-Sb. CASE II (8x8) LOCAL PEAKING (CORNER RODS EXCHANGED WITH 








FIGURE 7-Sc. CASE Ill (8x8) LOCAL PEAKING (CORNER ROD ENRICHMENT REDUCED 































3 5 7 9 11 13 15 17 19 21 23 25 27 29 31 33 35 37 39 41 43 45 
NODE 
67-01553 
FIGURE 7-9. AXIAL POWER DISTRIBUTION FOR 7 x 7 AND 8 x 8 CASES 
:I D A B B B A 
0.13 1.60 1.68 1.67 1.68 1.60 
A A D D D A 
1.60 1.42 0.10 0.10 0.10 1.42 
B D c D c D 
1.68 0.10 1.71 0.09 1.71 0.10 
B D D c D D 
1.67 0.10 0.09 1.65 0.09 0.10 
B 0 r. D c D 
1.68 0.10 1.71 0.09 1.71 0.10 
A A D D D A 
1.60 1.42 0.10 0.10 0.10 1.42 
D A B B B A 
0.13 1.60 1.68 1.67 -1.68 1.60 
TYPE A U-235 ENRICHMENT= 0.043 
TYPE B U-235 ENRICHMENT::: 0.050 















TYPE D U-235 ENRICHMENT= 0.0022 (depleted) 
FIGURE 7-10. INDIVIDUAL FUEL ROD RELATIVE POWERS IN THE 7 x 7 
CENTERMEL T BUNDLE. BEGINNING OF LIFE. AVERAGE 

















A B B B B 
1.65 1.75 1.73 1.73 1.74 
--
A D D D D 
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FIGURE 7-11. INDIVIDUAL FUEL ROC RELATIVE POWERS IN THE 8 x 8 
CENTERMELT BUNDLE. BEGINNING OF LIFE. AVERAG~ 









The center melt bundle designs employ four different U -235 enrichments to maximize the 
number of fuel rods operating at or very near 450,000 +50, 000 Btu/h-ft2, without exceeding the 
Big Rock Point reactor thermal limits. The nuclear design ground rules were as follows: 
a. Adherence to the present license limits of 1. 5 MCHFR at 1. 22 steady-state 
overpower, 
b. Reactivity coefficients which are as negative as possible, 
c. Bundle average exposure capability of 15. 000 MWd/T without bundle modifications, 
i.e. , without burnable poison. 
8. 2 GENERAL FEATURES COMMON TO BOTH DESIGNS 
Both the 7 x 7 and 8 x 8 designs have four enrichments: 4. 3, 5. 0, 5. 6, .and 0. 22 (depleted) 
weight percent. The combination of enrichments and rod positions was specified such as to 
provide the maximum number of fuel pins operating at or very close to the desired peak heat 
flux. 
The following general arrangement plan was used: The Lowest ennchment (4. 3 percent) was 
placed in the fuel pins nearest the corners of the bundle where the highest thermal neutron flux 
occurs. The remaining rods adjacent to the water gaps experience somewhat lower thermal flux, 
and con::H~quenlly must be euriched higher to prorluce ::~pproxi ma.tely the same power. 
The number of depleted uo2 rods was decided from a thermal limit MCHFR evaluation, 
wherein their low power production effectively increases the allowable power of the remaining 
enriched fuel rods at the same over-all bundle power output. The depleted rods were arrayed 
in a roughly annular zone inside the corner and side rods above. Then the highest enrichment 
rods were placed in a symmetrical arrangement near the center of the bundle. Their enrichment 
is· sufficient to produce rod powers similar to the other outer power producing rods. 
The bundles have adequate thermal margins throughout their lifetime based on assumed 
"beginning" and "end-of-cycle" power shapes. These power shapes are very important to the 
design, and were determined from typical recent operating shapes experienced at Big Rock Point 
and are not the "worst conceivable" that may be encountered during operation. 
The occurrence of a "worst" power shape is not a safety problem, however, because the 
reactor must be operated within its existing license limits at all times. The core power and the 
operating heat flux of the centermelt bundles are the dependent variables. To observe license 
limits, the peak heat flux may occasionally not be exactly at the target centermelting limits. This 
is unavoidable and must be expected: either fuel rod power or optimum centermelt bundle 
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performance cannot always be met during a cycle. The presence of these bundles in the core 
places additional burden on the operating physicist and on the thermal engineer. but it is not a 
safety problem in any sense. 
Both bundle designs have been enriched to attain approximately 15, 000 MWd/T average 
(22, 000 MWd/T e average for the power producing rods) in a core of the same type. This is 
the standard method of specifying fuel bundle exposure capability, and it is possible to "push'' any 
desired bundle, or bundles, past the specified exposure capability at some expense in core 
reactivity. 
8. 3 DOPPLER COEFF1CIENT 
The Doppler coefficient for the 8 >< 8 bundle design has been calculated to be 
-0.86 x 10- 5 ~k/k;oF at- 1000°K. This compares to the standard fuel designs (A, B, C, and E) 
for Big Rock which have values in the range of -1.0 to -1.1 x 10- 5 ~k/k° F. The 7 x 7 design is 
about 0.96 x 10- 5 ~k/k°F. These calculations are simple hand calculations of the effect accord-
ing to the department standard method, and do not include spatial weighting of the individual rods. 
8.4 TEMPERATURE AND VOID COEFF1CIENT 
The temperature and void coefficients for the cold centermelt bundles have been calculated. 
The coefficients are noticeably more positive than standard BRP fuel, as can be seen in the 
following comparison with BRP "B reload" fuel presently loaded into the reactor . 
Temperature Coefficient at 25 °C 
(~k/k;oC) 
De ginning of· 
Fuel Type Life Approximation 
B-Reload +3. 2 x 10-6 
Centermelt 8 X 8 + 1. 04 X 1 o-4 
Centerinelt 7 x 7 +5. 6 x 10-5 
End-of -Lift:> 
Approximation 
+5. 5 X 10- 5 
+1. 8 X 10-4 
+1. 7 X 10-4 





-2.4 >< 10- 3 





-1.3 X 10-4 
The coeff1Cients have beeu appruxiutaled according to the followin~ equation: 
~here k and u2 have the usual meaning, B2 is B2 for the end-of-life approximation, and B2 is 
B~ for ~eginning-of-life approximation. The ter~ ( B~ - B~ \ reflects the change of geometric 
buckling due to refiector savlng1:; change::;, aftd can be ignored. Thic calcul::ition is useful for 
comparison purposes, but coefficients measured in the reactor itself are substantially more 
negative than the end-of-life approximation due to the presence of control rods and are usually 
'--slightly more positive than the beginning-of -life coefficients due to the presence of positive 
reflector effects . 
The small· number of centermelt bundles in the reactor core (six of an 84 total) will produce 
a \rery small, if even detectable, effect on over-all reactor behavior with temperature and void. 
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The tutal addition of reactivity due to any possible cold voiding of the twu 8 >' 8 bundles has been 
estimated at much tess than 0. 001 ~K .. K. 
8. 5 BURNUP BEHAVIOR 
Although the bundles do not i'esemble other designs in the core to a great extent. the 
behavior with lifetime is very similar. The burn up slope for the 7 '< 7 bundle is 
0. 0113 tlK/1000 MWd;T and 0. 0116 ~K/1000 MWd ... T for the 8 '< 8 bundle. This compares to the 
new reload (E bundle with cobalt) value of 0.0115 ~K/K/1000 MWd/T. The beginning reactivities 
are comparable for all the designs, and no special power shape or lifetime behavior problems 
are expected. 
8. 6. CALCULATED LOCAL PEAKJNG FACTORS 
The initial calculated local peaking factors for both the 7 ~< 7 and the 8 >< 8 bundles are 
shown in Figures 7-2 and 7-3. These peaking factors were tater modified by the rod rearrange-
ment described in the previous section on CHF analysis. The local peaking factors shown are 
for the new bundle, and are normalized to 1. 0 average power. Because of plutonium production 
in each of the fuel rods, the peaking factors of the depleted rods will increase with time, and 
because of normalization, the peaking factors for the enriched, higher power producing rods will 
decrease. The behavior of each enrichment group is shown in Figure 8-1 for the 7 >< 7 bw1dle. 
The relative power of the three high enrichment groups decreases with exposure and the depleted 
group increases. The thermal performance capability. has been evaluated using the expected 
decreased locals at the start of the last cycle. This combination provides the most severe of the 
expected operating conditions, i.e. , the axial power shape is skewed to the top of the bundle and 
the local peaking factors are decreased (due to depleted rod power increase) at this late point 
in the life of the bundle. The bundles are still capable of target heat fluxes at 15,000 MWd/T 
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FIGURE 8-1. RELATIVE POWER OF THE FOUR ENRICHMENT REGIONS 
IN THE 7 x 7 BUNDLE DESIGN AS A FUNCTION OF EXPOSURE 
SECTION IX 
SAFEGUARDS, LICENSING, AND PROGRAM STATUS 
9.1 . GENERAL 
An amendment to the existing Consumers Big Rock Point reactor license was required in 
order to proceed with these irradiations. Because the basic objective of these irradiations-the 
demonstration of r.entermelt operation in a commercial power reactor-is the first test of its 
kind, with potential for greater fission product release if a rod fails, licensing was expected to 
be substantially more difficult than for previous fuel assemblies: For this reason, considerably 
more effort than heretofore expended was applied to prepare the initial draft license amendment, 
Amendment No. 13. The extensive CHF analysis described in Section VIII was one reflection of 
this concern and was an attempt to anticipate one likely area of concern by the licensing body. 
Despite this and other anticipatory work, I~censing proved quite difficult, and implies a generally 
H 
cautious, conservative attitude by AEC-DRL and AEC-ACRS toward advanced performance fuel 
testing in a commercial power reactor. This experience is briefly recapped in the following 




9. 2 AMENDMENT NO. 13, BRP REACTOR 
The initial submittal of this amendment was made to AEC-DRL on May 26, 1967, by 
Consmers Power Company. This 61-page document presented the objectives of the irradiations, 
a synopsis of previous irradiation experience at centermelt conditions, the detailed design and 
supporting analysis for the fuel rods and assemblies, analysis of the effect of the centermelt 
bundles on the usual loss of coolant and reactivity insertion accidents. The first ·review of this 
document with DRL representatives was held on June 27, 1967. Major topics of discussion at 
the meeting were on: fa.) techniques and accuracy of operational calculations (bundle power 
prediction, effect of burnup on uo2 thermal conciur.tivity, effect of plutonium buildup on bundle 
performance, etc.), b. ) reactivity insertion accidents, c. ) critical heat flux correlation, d. ) loss-
of-coolant accidents, and e.) loss of recirculation pump accidents. As a result of this meeting, 
a list of specific questions was received from AEC-DRL and answered in. detail by letter. '!'he 
questions focused concern i11 these areas: a.) magnitude and consequences of reactivity-induced 
transients, b.) potential situations for high rod worth, and c.) consequences of loss-of-coolant 
accidents. 
9. 3 INlTIAL ACRS REVIEW 
Consideration of BRP Amendment No. 13 and supplementary documents was placed on the 
ACRS agenda for September 6 through 8, 1967. Consumers Power Company and G. E. -NED 
personnel presented the program scope and hazard analysis, first to the ACRS subcommittee and 
then to the full committee, at the two separate sessions. Subjects discussed in addition to those 
already noted were: a.) previous centermelt fuel operating experience, b.) procedural controls 
during control rod movement, and c.) the planned inspection program for the centermelt fuel. 
At the conclusion of the meeting, the ACRS indicated that approval to proceed could. not be 
g;ranted and that further questions would be transmitted. On September 27, 1967, thirteen 
-76-
questions, each extensive and detailed in scope, were received. Most of the questions concerned 
various phases of the reactivity insertion accident, e.g. , possible rod worths involved and con-
sequent sudden deposition of energy in the fuel, transient fuel damage threshold, rate of energy 
transfer to the coolant, etc. Other areas where additional information was requested were as 
follows: 
a. Loss -of-coolant accidents: Maximum fuel pin temperature as a function of pipe 
break size. The initial submittal included an evaluation for the maximum credible 
accident only. 
b. Administration and procedural controls: ProposP.d technical specification which will 
be in effect while the centermelt fuel is in the core. These specifications are to 
include: 1.) action to be taken in the event of detected or suspected primary system 
leak; 2.) notification and approach that will be required for reactor startups; and 
3.) requirements for the presence of technical specialists during startups, power 
increases, or other significant operating events. 
c. A detailed fuel inspection program: The main question here is to show how this 
inspection program will enhance the safe operation of the fuel rods. 
d. Loss of generator accident: Discussion of such an accident in which the generator 
loses its load, with and without automatic opening of the turbine bypass valve. 
9. 4 FINAL ACRS REVIEW 
The written answers to the preceding thirteen questions raised by ACRS were completed and· 
submitted on November 6, 1967. The required document included 109 pages of text and figures. 
BRP license Amendment No. 13 was again placed on the ACRS agenda for December 1!Hi7. Both 
the subcommittee and full committee reviewed the submittal on December 5 and 8. 
In this review, Consumers Power Company personnel provided, in response to a direct 
request, a review of their progress in modifying the BRP plant to comply with the general AEC 
directive on updating safety systems, issued early in 1967 to all the first generation nuclear 
plants. General Electric Company personnel then presented more concrete plans for monitoring 
the centermelt fuel condition, including the expected timing for nondestructive fuel examinations 
at the site and destructive examinations of selected rods brought back to the Vallecitos Nuclear 
Center hot cells. This schedule was based on the projected BRP operating schedule commencing 
in January 1968, after a refueling shutdown. This was followed by a presentation on additional 
results from analyses regarding potential reactivity insertion accidents and probable consequences. 
The formal session concluded with an extensive question-and-answer period where, 
inevitably, several new questions regarding the BRP plant and systems were raised and explored . 
. Not all of these questions could be satisfactorily answered because the specific facts and data 
were not readily available during the discussion. 
At the conclusion of this second ACRS review, the committee indicated that they believed 




approximately eight reservations might be attached to the approval. Subsequently. a formal 
letter authorizing the irradiation of the centermelt bundles was issued on December 20. 1967. 
with the following specific stipulations. 
9.5 
a. Caution is to be exercised in the operation of the reactor during the test program. 
Extra caution is lo be used if ~igns uf fuel failure appear. 
b. Improved methods are to be developed for prompt detection of gross failure of the 
experimental fuel. 
c. After the accumulation of about 3000 MWd/T burnup, the advanced performance fuel 
(0. 700-inch-o.d. rods, all four assemblies) are to be removed from the core, and 
four selected rods from these assemblies destructively examined to ascertain and 
confirm that the fuel conditions and performance during irradiation were essentially 
as predicted, and that the irradiation of the bundles can be continued safely. 
d. An emergency cooling water line connecting the site fire protection system to the 
reactor pressure vessel is to be completed as additional protection againsl core 
meltdown in the unlikely event of rupture of the core spray line. 
e. A detailed in-service inspection of the primary system piping and components is to 
be completed. In addition. a hydrostatic test at a pressure· only slightly lower than 
the pressure relief valve settings of the primary system is to be conducted prior to 
the insertion of the center melt assemblies. 
CURRENT PROGRAM STATUS 
General Electric. Consumers Power Company. and AEC-DRD have accepted these stipu-
lations and. the necespary work to comply is underway. The fuel bundles have been shipped to 
BRP and are expected to be installed about ·mid-February with start of irradiation approximately 
March 1. After approximately 3 months of irradiation (~3000 MWd/Te average burnup), the four 
advanced performance assemblies will be removed from the core and stored in the reaclor pool 
for approximately 6 months while destructive examination proceeds on four rods at the Vallecitos 
Nuclear Center to verify the predicted degree of melting. Once satisfactory verification is 
obtained, the bundles will be reconstituted with spare rods and they will be rein~lalled and their 
irradiation continued to the target burnup, with additional interim nondestructive examinations 
coinciding with scheduled reactor refueling shutdown. The operation of the two intermediate 
performance fuel bundles will not be intentionally interrupted, except for interim rod examina-
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